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Abstract
Turbulent resuspension, a process of lifting solid particles from the bottom by tur-
bulent flow, is ubiquitous in environmental and industrial applications. The process
is a sequence of events that start with an incipient motion of the particle being dis-
lodged from its place, continue as sliding or rolling on the surface, ending with the
particle being detached from the surface and lifted up into the flow. In this study the
focus is on the resuspension of solid spherical particles with the density comparable
to that of the fluid and the diameter comparable with the Kolmogorov length scale.
We track their motion during the lift-off events in an oscillating grid turbulent flow.
We measure simultaneously the Lagrangian trajectories of both the particles freely
moving along the bottom smooth wall and the surrounding flow tracers. Different
force terms acting on particles were estimated based on particle motion and local
flow parameters. The results show that: i) the lift force is dominant; ii) drag force
on freely moving particles is less relevant in this type of resuspension; iii) the Basset
(history or viscous-unsteady) force is a non-negligible component and plays an im-
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portant role before the lift-off event. Although we cannot estimate very accurately
the magnitude of the force terms, we find that during the resuspension they are
within the range of 2÷ 10 times the buoyancy force magnitude. The findings cannot
be extrapolated to particles, which are much smaller than the Kolmogorov length
scale, or much denser than the fluid. Nevertheless, the present findings can assist
in modeling of the sediment transport, particle filtration, pneumatic conveying and
mixing in bio-reactors.
Keywords: resuspension, Basset force, lift force, 3D-PTV
1. Introduction
Resuspension is the process of particle release from a surface into a surrounding fluid
flow. In order to distinguish the entrainment into a flow from a motion along the
surface (sliding or rolling), it is often denoted as “lift-off” [3, 41, 15]. Resuspension
of particles is an important mechanism in a large variety of practical applications
such as particle filtration [16], oil production [28], contamination in clean rooms [9],
pneumatic conveying [37] and particle behavior in respiratory ways [33]. In order to
predict particle resuspension accurately, the relation of the incipient motion and the
removal of particles from surfaces to the particle/fluid properties and the local flow
regime, need to be understood in detail. Prediction of lift-off events in turbulent
flows requires understanding of both the surrounding flow field and the particle-flow
interaction. The latter is based on the balance of forces and moments resulting from
stress applied on the particle by the local flow and the restrictive forces of gravity
and surface/particle interactions[43, 15].
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Despite numerous experimental and numerical studies addressing the problem of
incipient motion in general, and lift-off in particular, the question on which mech-
anism dominates the process remains open. Several studies propose that particle
motion is predominantly driven by the magnitude of fluctuating drag and lift forces
exerted on particles, depending on their degree of exposure to the flow Schmeeckle
et al. [34], Dwivedi et al. [11]. The importance of instantaneous fluctuating velocities
might indicate that the turbulence structure at the near bed is ultimately respon-
sible for particle motion [24]. Gimenez-Curto and Corniero [12] suggested that the
critical motion is related to the maximum forces acting on the particles, rather than
the mean bed shear stress. Celik et al. [6] found that the time duration of the force
above a certain threshold is the critical parameter.
In respect to the direction of the force acting on particles fixed on the bottom, the
discussion is divided between the drag force (a component parallel to the streamwise
flow velocity) and the lift (perpendicular, vertical) force. For turbulent flows with
the streamwise flow direction parallel to the bottom bed surface, the hydrodynamic
drag term is considered to be dominant. For instance, Schmeeckle et al. [34] used
a force transducer directly connected to a particle to measure force synchronously
with the flow velocity measurements above or in front of the particle. The horizontal
force was shown to correlate with the magnitude of the downstream velocity but not
with the vertical velocity component. In this experiment, the standard drag model
based on the streamwise velocity predicted the horizontal force acting on a fixed and
fully exposed particle [34]. The vertical force, on the contrary, correlated poorly with
both horizontal and vertical velocity components. Similarly, Nelson et al. [30] have
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reported strong correlation between sediment rate (number of resuspended particles)
and streamwise velocity fluctuations near the bed, opposite to weak correlation with
the fluctuations of vertical velocity. Mollinger and Nieuwstadt [29] studied the lift
force and could confirm experimentally the predictions of the mean lift force of Hall
[14]. In a similar type of study, Dwivedi et al. [11] used a force sensor attached to
a fixed particle. The authors concluded that the lift force is produced primarily by
the pressure gradient in the flow due to externally imposed unsteadiness of the flow
or turbulent fluctuations. Dwivedi et al. [11] suggested a particular local turbulent
flow structure that could produce high pressure below the particle and low pressure
on above it, leading to high lift force. A similar mechanism was proposed by Zanke
[42] as a possible cause of particle suspension.
It is noteworthy that the aforementioned studies measured forces on fixed particles.
Moreover, due to the resolution of force sensors the particles were relatively large.
There is no information on the forces applied by a turbulent flow on freely moving
particles. Recently we have developed the necessary tools for such measurements. In
Shnapp and Liberzon [36] the trajectories of spherical particles lifted off smooth and
rough surfaces were measured in a tornado-like vortex flow. Meller and Liberzon [26]
have extended the Sridhar and Katz [38] method to measure relative velocity between
a particle and the surrounding turbulent flow and estimate various components of
force acting on suspended particles. Combining these two developments with the
oscillating grid apparatus presented by Traugott et al. [40], in this study we estimate
the force components acting on particles freely moving on the bottom wall and the
relative contributions of force components to the lift-off events.
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We utilize the three-dimensional particle tracking velocimetry (3D-PTV) to obtain
velocity and acceleration data along trajectories of tracers and large spherical par-
ticles, as described in Section (2). The method provides parameters of individual,
freely moving solid particles before, during, and after the lift-off events. These mea-
sured simultaneously with the local turbulent flow, represented by Lagrangian tracer
trajectories. We focus on the moment of lift-off of the particle from the wall and its
relation to the local turbulent flow characteristics. Applying the particle equation of
motion we estimate the magnitude and direction of inertia, pressure, drag, lift and
Basset force terms and their effect on the lift-off events. Experimental results are
presented in Section (3) and discussed in the closing Section (4).
2. Methods and materials
2.1. Experimental setup
The oscillating grid setup is shown schematically in Fig. (1). The system comprises
of a glass tank (30 × 30 cm and 50 cm tall) and a vertically oscillating grid on
an eccentric shaft driven by a 1.5 kW variable speed electrical motor (CDF90L-4,
KAIJIELI Inc.). The tank was filled with filtered tap water until a height of 220
mm, the grid height was set within the range of h = 100÷ 101 mm (measured from
the bottom of the chamber) and stroke amplitude (peak-to-peak) sl = 10 mm. The
frequency of oscillation of the grid is controlled by changing the input voltage to the
motor. We present here the results of the runs at 1.5, 1.7, 1.2 and 2.1 Hz . The grid,
shown in a top view in Fig. (1) was made of square bars covered by a plastic sheet
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Figure 1: Schematic view of vertically oscillating grid in a glass tank. The two LED
light sources provide a volumetric illumination of the flow field under the grid. Four
high-speed CMOS cameras synchronously record the motion of the particles and
flow tracers on a real-time video, streamed to a digital video recording system (IO
Industries Inc.).
with 4×4 arrangement of circular holes, in order to increase the grid solidity to 80%.
Lower solidity grids did not create a sufficient number of particle lift-off events.
Prior to the 3D-PTV study, the flow field under the grid was characterized using
particle image velocimetry (PIV), see Traugott et al. [40]. The PIV data allows
to define the important scales of turbulent flow under the oscillating grid. The
Kolmogorov length scales varied within the range η = (ν3/ε)1/4 = 270÷ 330 µm and
the Kolmogorov time scales estimated as τη = (η/ν)
1/2 = 0.07 ÷ 0.1 seconds. The
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flow under the grid was neither homogeneous nor isotropic as it might be expected
due to the relative proximity of the grid to the bottom wall and the large solidity.
The 3D-PTV experimental system shown schematically in Fig. (1) included the fol-
lowing components: the digital video recording system (IO Industries Inc.) and
four high speed CMOS cameras (8 bit, 1280× 1024 pixels, EoSens GE, Mikrotron),
equipped with 60 mm lenses (F-mount, Nikon). The cameras capture simultaneously
(with a maximum possible time jitter of 0.001 fps) digital video recorded at the rate
up to 700 Mb/s on high-speed hard drives. The data is analyzed using the open
source software, “OpenPTV” [32].
Cameras were located in an angular array from two sides of the grid chamber, as
shown in Fig. (1). The four cameras arrangement reduces the number of ambigui-
ties and allows reliable determination of most of the particles which are completely
hidden in one of four images [10]. In the particular runs reported here, image acqui-
sition rate was set to 160 fps, the observation volume was 7.5× 4× 6 cm3 (length ×
width × height). Two light emitting diodes (LED) line sources (Metaphase, USA)
illuminated the observation volume in the center of the grid chamber. The combi-
nation of the two LED light sources provided a nearly uniform light intensity across
a wider observation volume. A two step calibration method was used: a static cali-
bration using a three-dimensional reference target, and a dynamic calibration using
a dumbbell (wand) moving in a measurement volume after the grid was installed in
the operating condition [32].
Two different types of particles were used in order to obtain simultaneous recordings
of the turbulent flow and the motion of the inertial particles in the same observation
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volume. Polyamide particles with a mean diameter of 50 µm and density of 1030
kg/m3 (Dantec Dynamics Inc.) were used as tracers. The relaxation time of flow
tracers, τp = ρpd2p/18µ is approximately 0.143 ms, which is significantly smaller
than the Kolmogorov time scale of the flow and their Stokes number is small, St <
0.01. Furthermore, the particles fulfill the conservative restrictions for flows with
acceleration of less than 10 m/s2 e.g. Dracos [10] (see class of neutrally buoyant,
dp < 60 µm particles), and therefore behave as tracers in a given turbulent flow.
Silica gel spheres (Fulka Inc.), 550 µm in diameter (of the order of magnitude of the
Kolmogorov length scale) and effective density of ρp = 1062 kg/m3 were used as the
inertial particles. Their Stokes number is approximately equal to 0.2.
Before each experimental run, approximately 30 inertial particles were spread ran-
domly on the bottom. Each run started in stagnant water, and after a certain time
the inertial particles were entrained into the water column by the turbulent flow gen-
erated under the constantly oscillating grid. For the chosen frequencies (1.5, 1.7, 1.9
and 2.1 Hz), all inertial particles became suspended. The number of particles spread
on the bottom of the tank is relatively low and they are lifted-off separately, without
particle-particle interactions. 3D-PTV analysis, including particle identification and
tracking, was performed on the inertial particles separately from the tracers using
the same video files. The software [32] allows to discriminate between the particles
and the tracers using their size.
It is important to note that the number of “successful| events of inertial particles
that participate in the statistics in different runs were only 8 ÷ 20. These are
neither the total number of the events nor the total number of trajectories recorded
8
by 3D-PTV. The 30 particles spread on the bottom wall of a tank move freely in all
possible directions. Some particles reach the corners of the tank, while a majority
is freely moving in the tank going through numerous suspension - deposition cycles.
Nevertheless, the number of “successful” events relate to a very small sample selected
by post-processing. These events: a) occur within the field of view of the 3D-PTV
system (many particles are lifted outside of the volume or start their motion inside
and lift-off ends outside of the volume, etc.), b) are successfully tracked during the
full length of the event (due to the restrictions of Basset force estimate we had to
have the particle within the field of view for at least 10 time steps prior to upward
motion), c) the particles are lifted-off and not deposited for at least 10 Kolmogorov
times (otherwise the event is denoted as saltation) , d) have sufficient tracer density
surrounding the particle before, during and after the lift-off event. Due to this large
set of complex restrictions, the amount of “successful” events that we can add into
the statistics is relatively small. Collection of more data was impossible due to the
large time span of the experiment and data analysis.
2.2. Particle equation of motion
The method used herein to estimate the forces acting on the particles is described
in details in Meller and Liberzon [26], and briefly reproduced here for completeness.
The main difference is the estimate of the Basset force as explained below. The
method is based on the equation of motion of a point-like sphere in a non-uniform
flow, presented by Maxey and Riley [23] based on the previous model of Corrsin and
Lumely [8]. There are five dominant terms of forces acting on a point-wise particle
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in Eq. (1).
mp
dup
dt
= mf
(
Duf
Dt
− ν∇2uf
)
− 0.5mf d
dt
U rel − 6pirpµU rel−
− 6pir2pµ
ˆ t
−∞
dU rel/dτ√
piν(t− τ)dτ + (mp −mf )g (1)
here up represents particle velocity, mp is the mass of the particle with radius rp , uf
represents the undisturbed fluid velocity at the particle position, mf the mass of fluid
displaced by the particle, U rel represents the relative velocity between the particle
and the fluid. The notation d
dt
= ∂
∂t
+ up · ∇ indicates a full (Lagrangian) derivative
following the moving particle, while D
Dt
= ∂
∂t
+uf ·∇ represents the material derivative
of the moving fluid element. The terms on the right side of Eq. (1) are the pressure
gradient force F p, the added-mass force F a, the Stokes drag force F s, the Basset
(history or viscous unsteady) force F b, and the buoyancy force F g, respectively. This
equation was developed for an isolated, point-like particle in the bulk of a smooth
uniform flow, far from any boundary so that particle-particle and particle-boundary
interactions are excluded. There is also no lift force term for the point-like particle.
The formulation of Maxey and Riley [23] keeps the buoyancy term but replaces
the added mass, Basset, and the Stokes drag terms with expressions modified by
the Laplacian of the local fluid velocity field, known as “the Faxén corrections”, see
for example Calzavarini et al. [5]. Although the equation of motion relies on the
assumption that the particle is much smaller than the smallest scales of the flow, it
was shown that also in cases when the particle is of the order of the Kolmogorov
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length scale, the error is not significant [2, 39]. Calzavarini et al. [4] have shown that
the Faxén correction becomes significant for particles with a diameter of ten times
larger than the dissipative length scales of the flow. In our experiments, the inertial
particle size is of the order of the Kolmogorov length scale. Therefore we use the
form of the terms that does not contain the Faxén corrections.
Sridhar and Katz [38] reported force measurements on bubbles in a laminar vortex
flow based on the Maxey and Riley [23] formulation. In their study neighboring
bubbles were used to estimate the local fluid velocity. The Basset force and Faxén
correction were neglected, the Stokes drag was replaced with a general drag term
and the additional lift force term was introduced. The procedure involved the mea-
surement of the pressure, inertia and buoyancy forces on each bubble (based on the
interpolation of velocity of the neighboring bubbles) and balancing their resultant
(F T ) with the lift and drag forces. Drag and lift forces are therefore the parallel and
normal components with respect to the vector of relative velocity between the particle
and the fluid, U rel. Recently Meller and Liberzon [26] extended the method of Srid-
har and Katz [38] for the turbulent flow case by using two-phase (tracers/particles)
experimental data of Guala et al. [13]. In Sridhar and Katz [38], Meller and Liberzon
[26] notation, the balance of forces is:
F T = FD + F L = −(F g + F p + F i + F b) (2)
where the inertia force is defined for the sake of brevity as follows:
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F i = mp
dup
dt
− F a (3)
And the drag and the lift are defined as:
FD =
F T ·U rel
|U rel| (4)
F L = F T − FD (5)
In the present study we use the method of Sridhar and Katz [38], Meller and Liberzon
[26], applied to estimate forces on inertial particles before and during the lift-off in
turbulent flows, based on the particle motion and the local flow analysis. Since
we study the particle lift-off events of freely moving particles (after their incipient
motion), the particle contact time with the surface is very short, therefore particle-
surface forces, such as adhesion and contact, can be neglected.
The Basset “history” force accounts for the viscous unsteady effect and for the tempo-
ral delay in particle response. The delay is due to the time it takes for the boundary
layer on the surface of a particle to adjust to the varying relative velocity. According
to its definition in Eq. (1), this term is calculated as an integral from the the moment
of incipient motion to the present time. Because turbulent flows change rapidly, the
earlier moments contribute a negligible portion and the term can be approximated
using only a few recent time steps. Mei and Adrian [25] examined the inertial effects
on the history force and found that for finite particle Reynolds numbers, the Bas-
set kernel behaves a t−1/2 for short times and decays at a faster rate proportional
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to t−2 at larger times. More recent studies of Bombardelli et al. [1], Lukerchenko
[18], Olivieri et al. [31] demonstrated that the Basset force is important for rela-
tively small particles moving close to solid boundaries, and should be included in
Lagrangian models of bed-load transport if the particle settling velocity Reynolds
number (ReW = Wsdp/ν) is below 4000 (where Ws is settling velocity, in our case it
is ≈ 11 mm/s), and the density ratio s = ρp/ρf is of the order 1 − 10. Ling et al.
[17] have examined the unsteady force terms and have shown their importance for
particles of size comparable with the Kolmogorov length scale. The authors also
studied whether it is possible to simplify the history integral, and provided a useful
criteria for the choice of a simplified method. Based on the Kolmogorov time scale
estimate (in our case τη ≈ 0.1 s), and the viscous-unsteady time scale defined in
Mei and Adrian [25], Ling et al. [17] as τvu =
d2p
ν
( 4
pi
)1/3(0.75+0.105Rep
Rep
)2 (in our cases
0.005÷0.07 seconds) we verify that τvu < τη. Therefore, we define the Basset viscous
unsteady kernel in the following analysis, in the form of Eq. (1), but integrating for
the short interval of t− 0.5τη.
The Reynolds number based on the local relative velocity U rel between the particle
and local flow (Rer = U reldp/ν) at the moment of lift-off was found in the range of
2÷ 50. The schematic definition of the local relative velocity is shown in Fig. (2). A
solid particle (large sphere) is moving along the bottom all at velocity up. Neighbor
tracers (i = 1 . . . N), move near the solid particle position, distant by distance ri.
We implement the same analysis as in Meller and Liberzon [26] of inverse distance
weighting interpolation (sometimes denoted as Shepard interpolation) see Shepard
[35]. The interpolated value that represents the undisturbed velocity at the position
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Figure 2: Scheme of definition of the relative velocity U rel between the particle
moving at velocity up and neighbor tracers, moving at center-to-center distance ri.
Dashed line is a schematic trajectory of the particle.
of the solid particle is:
〈u〉 =
∑
i uir
−p
i∑
i r
−p
i
(6)
where p is the parameter, determined empirically. In this case the vector of rel-
ative velocity is defined through the interpolated value, and the angular brackets
hereinafter define quantities that are derived similarly:
U rel = 〈u− up〉 (7)
Quality of the relative velocity estimate depends on the distribution of tracers sur-
rounding the particle, namely the number, velocity, acceleration and distance ri.
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Tracer self-test is a fidelity measure applicable to our case, similarly to the method
used by Cisse et al. [7] to compare the effects on tracers versus inertial particles. In
our case we use the interpolation method at the positions of the tracers themselves
and compare it to the measures at the position of the measured particles. In the
case of tracers Meller and Liberzon [26] have suggested to use the statistical self-
description index test us a group of tracers (in all measurements). We repeated this
analysis to find the power exponent p = 3 to be the optimal choice for the present
case. The probability density function (PDF) of relative velocity U rel for tracers and
solid particles is expected to be significantly different. Such comparison is shown in
Fig. (3). The results are similar to those of Sridhar and Katz [38], Meller and Liber-
zon [26]. It is important to note that the relative velocity magnitude of 1-2 cm/s
is one to two orders of magnitude smaller than the flow velocity in this experiment
and points out that our freely moving particles move along the wall with the velocity
only slightly different from the flow velocity.
It is important to note that our main goal is to estimate relative contribution of
the force terms before, during after the lift-off events based on local turbulent flow
parameters. Taking into account the inhomogeneous distribution of flow tracers
near the wall, we deal with an additional trade-off in the selection of the number of
nearest neighbor tracers. We first encountered this problem in our preliminary study
Traugott et al. [40] and studied it in more details in Meller and Liberzon [26]. Force
estimate using Lagrangian data based on Eq. (2) requires tracers to stay within the
particle neighborhood for a certain time. This is especially important for the Basset
force estimate. Strongly fluctuating number of tracers during the time interval of
15
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Figure 3: Probability density function of relative velocity components for solid par-
ticles (squares) and flow tracers (circles), estimated through Eq. (6).
particle lift-off event adversely affects the results. We also experience an optical
problem: tracers that are too close to the particle are being shaded and disappear
from tracking database. Following the tracers self-test and sensitivity analysis of the
inverse distance weighting parameter p, we found that the force estimate would not
vary significantly if we include in the interpolation particles that are closer than 80η
from the center of a solid particle in the horizontal direction (the diameter of the
particles is of the order of the Kolmogorov length scale, η), and less than 30η in
the wall-normal direction. These restrictions act in addition to the inverse distance
weighting method that increases weights of the nearest neighbors and reduces weights
of the tracers beyond 2-3 particle diameters. As an outcome of these restrictions, at
each time step, forces were calculated based on 20÷ 100 tracers.
We also need to describe in details how the forces are estimated from the Lagrangian
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data. Buoyancy force is estimated based on the average particle radius rp and density
ρp according to Eq. (8) and this is the only force component that does not depend
on the data:
Fg =
4
3
(ρp − ρl)gpir3p (8)
Buoyancy acts on the inertial particles downwards (i.e. in the negative y direction)
and on average, taking into account the size distribution of the solid particles, its
magnitude is 5.7× 10−8 N.
The pressure and inertia forces were calculated from the Lagrangian acceleration of
the inertial particle and that the local flow surrounding it, according to Eq. (9) and
(10) respectively (see Meller and Liberzon [26] for more details):
F p =
4
3
ρlpir
3
p
〈
Duf
Dt
〉
(9)
F i = −4
3
pir3p
(
ρp
dup
dt
+maρl
〈
Dup
Dt
− Duf
Dt
〉)
(10)
where
〈
DUf
Dt
〉
is the interpolated acceleration evaluated at the center of the solid
particle according to Eq. (6).
〈
Dup
Dt
− Duf
Dt
〉
denotes the average difference between
particle and tracers accelerations. The first term in the inertia force is the body
force of the particle, which depends on the mass and acceleration of the particle.
The second term is the apparent mass force. According to literature, for instance
Meng and Van der Geld [27], the so-called added mass coefficient of the solid particles
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is ma = 0.5. The Basset force was estimated according to the definition and taking
into account the finite time kernel as shown by Mei and Adrian [25]:
F b = 6pir
2
pµ
tˆ
t−0.5τη
dU rel/dτ√
piν(t− τ) (11)
which means that the average relative velocity was differentiated in time to obtain
the relative acceleration term dU rel/dτ . At each time step, the Basset force was
calculated using the backward finite-difference scheme, based on the previous time
steps. We have verified that the Basset force value does not change if we integrate
longer than 1/2 the Kolmogorov time scale.
The force vector that balances the sum of the buoyancy, inertia, pressure and Basset
force terms is called the total force, F T , according to Eq. (2). Following Sridhar and
Katz [38], Meller and Liberzon [26], the total force vector was decomposed into two
orthogonal components to obtain the magnitude of the drag and lift forces. Drag
is the component of total force parallel to the relative velocity, U rel and the lift is
perpendicular to it, according to Eqs. (4) and (5).
3. Results and discussion
Particle tracking velocimetry experiments provide the Lagrangian trajectories defined
as locations of particles in time and space, xp(t), for large particles and xf (t) for flow
tracers. Fig. (4)(a) presents a three-dimensional view of an example of Lagrangian
trajectory exemplifying a lift-off event of a large particle as it leaves the wall and
moves upwards, along with numerous trajectories of tracers surrounding the particle
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at different time instants. Coordinates are given in millimeters with respect to the
origin predefined by the calibration target, y is the vertical (parallel to gravity)
direction. Fig. (4)(b) demonstrates a more quantitative analysis of the position,
velocity and acceleration vector components in time of the particle. A combination
of the visual and quantitative information illustrates the complexity of the problem.
At the beginning, for the first two Kolmogorov time scales, the particle moves along
the wall (y = −21 mm), as we see the values change only for x and z components. The
particle is either sliding or rolling on the bottom wall. At approximately 2τη the lift-
off event occurred and the particle resuspended into the flow. After the lift-off event
(after detachment from the wall) all the velocity and acceleration components change,
as expected for a three-dimensional turbulent flow case. The plot also underlines
the intrinsic difficulty to define the precise time instant of the lift-off event as the
vertical position, velocity and acceleration components do not change instantly. The
definition of the detachment can be based on either position, velocity or acceleration,
as we discuss in the following.
3.1. Definition of the lift-off event
We distinguish the moment of lift-off from the typically defined incipient motion,
which is the beginning of particle movement on the bottom surface from a fixed
position. Although we could track particles that at some moment of time have zero
velocity, this experiment is difficult to perform on freely moving particles. We focus
on the lift-off of the freely moving particles but we also include the events of the
particles that are lifted with a negligible horizontal velocity. The moment of lift-off
19
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Figure 4: (a) Isometric sketch of a Lagrangian trajectory of a lifted particle. (b)
Position, velocity and acceleration components of a particle experiencing the lift-off
event. The frequency in this run was 1.7 Hz.
and the influence of the local flow characteristics and fluid-particle forces on the
event and particle motion is our major focus.
A standard lift-off event is defined as the detachment of a particle from the wall, i.e.
breaking the contact with the surface. Zooming into the data to visualize the event,
as shown in Fig. (5), we identify the predictable scenario: first, at one Kolmogorov
time scale from the arbitrary time instant defined as t0 the acceleration component
ay changes to positive and its value increases monotonically; after additional 1/5τη
(about 20 milliseconds), the vertical velocity value changes (other velocity compo-
nents change continuously as shown in Fig. (4)) and only after additional 1/3τη (30
msec) the y coordinate changes and the particle detaches from the wall. It means
that one could define the moment of lift-off by either the first moment of the posi-
tive acceleration, positive velocity or the last moment of y = ywall. In addition, one
has to take into account the experimental uncertainty, thus the definition has to be
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Figure 5: Vertical components of position, velocity and acceleration of a resuspended
particle during the lift-off event, extracted from the run at 1.5 Hz.
dependent on some time or magnitude threshold.
Although the time interval of the lift-off event is shorter than one Kolmogorov time
scale, we emphasize that the definition of the moment of the event based on one of
the properties might affect the analysis and the results. The time point for lift-off in
this study is defined in this study as the first time step in which the position of the
particle in yp > ywall+0.1 mm, disregarding changes in position smaller than the 1/5
of the particle diameter (small jumps during the horizontal motion along the wall).
In order for the event to be considered as a lift-off event, the particle must remain
in suspension for at least 1/2 Kolmogorov time scale after the detected moment.
If a particle returned to the bottom and remained on the wall for at least another
1/2 Kolmogorov time scale, a separate lift-off event of the same particle could be
identified. As we explained in the Section (2), out of many resuspension events, only
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those that were within the field of view of the 3D-PTV system, successfully tracked
during the full length of the event, got lifted and not land immediately afterward
and have sufficient tracer density surrounding the lift-off event, were considered for
the following analysis.
3.2. Forces on particles before and during lift-off events
Forces acting on the particles during lift-off events were estimated according to the
methods described in Section (3.2). Fig. (6)(a) exemplifies a Lagrangian trajectory
of a lifted-off particle, demonstrating the relative magnitude and direction of the
forces acting on the particle, particle velocity (up) and the relative velocity (U rel)
between the particle and local fluid at each time step: before, during and after lift-off.
Fig. (6)(b) demonstrates the magnitudes of the forces acting on the particle in time
normalized by the magnitude of buoyancy force. The moment of lift-off is marked
by the red point. We observe that the force terms, excluding drag, are of similar
magnitude before the lift-off event. The drag force is much smaller as compared to
other terms. The magnitude of lift, inertia and Basset forces increase about 4-10
time steps (1/4-2/3τη) right before the lift-off and remain high until 10 time steps
(2/3 τη) after the lift-off event. As the particles are fully entrained, they move almost
like the tracer particles in a strong turbulent flow and the relative velocity sharply
decreases, as was estimated by Meller and Liberzon [26]. Here we focus only on
the relative magnitude of the different terms of forces before and during the lift-off
with an emphasis on the magnitude of Basset force. The magnitude of Basset force
is approximately one-half of lift force value before the lift-off event, and shows the
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largest values at and after the lift-off. The magnitude of the drag force is the least
important in this type of resuspension events, approximately two orders of magnitude
lower than the lift force. This finding is in apparent contradiction with the large body
of literature that emphasizes the drag force over lift force. It is explained by the fact
that the particle is already moving (either sliding or rolling) at the velocity, which
is close to that of the flow velocity in the near wall region. The lift force, as it is
understood here, is caused by the local shear. The Basset unsteady-viscous force
seems to be also non-negligible and contributes to the lift-off events. We also observe
that FT is almost completely perpendicular to the relative velocity vector, such that
the magnitudes of FT and FL are overlapping. Due to relatively large experimental
uncertainty (as estimated in the Appendix according to standard error propagation
methods) we are not able to claim the precise values of the forces acting on the
particles. Nevertheless, the estimate of errors enforce that we can safely compare the
magnitudes of the force components. The largest uncertainty is for the inertia force
(εFi = 1.2 · 10−7 N ) as its value is determined by subtracting acceleration vectors.
Consequently, the accuracy of drag and lift values is also limited, but it is sufficient
to emphasize that the lift is at least an order of magnitude higher than the drag
force.
One attempt to reduce the experimental uncertainty, yet preserve the insight from the
measured data, is to decompose the forces differently. Instead of using a projection
on the vector of relative velocity that changes abruptly in the turbulent flow near the
wall, we project them on the vertical (gravity) and horizontal planes. We normalize
the force components using the buoyancy force magnitude and show the horizontal
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Figure 6: (a) presents an isometric sketch of a Lagrangian trajectory of a particle
demonstrating the magnitude and direction of velocities and forces acting on the
particle at each time step, extracted from the run at frequency of 1.7 Hz. (b) Mag-
nitude of the forces acting on the particle in time, moment of lift-off is marked as
the red point.
24
0 2 4 6 8 10
t/τη
−4
−2
0
2
4
6
8
F
/F
g
(a)
FT
Fb
Fi
FD
FL
Fp
Fg
lift-off
0 2 4 6 8 10
t/τη
(b)
Figure 7: Time history of forces acting on the particle, obtained for the grid fre-
quency of 1.7 Hz, and the moment of lift-off is marked by the red point. (a) vertical
components (b) horizontal components.
and vertical components in in Fig. (7). The buoyancy force is negative in y (vertical)
direction and appears as a straight line in the normalized plot in Fig. (7) (a). In the
horizontal direction, magnitude of all forces (except for the drag) before lift-off are
similar, while in the vertical direction, magnitude of Basset and lift before lift-off are
higher than pressure and inertia. The event is marked by the point in which the sum
of the lift force and the Basset force is high.
The inertia force equation includes two terms: the first is the body force of the parti-
cle (−mpap), and the second is the apparent mass force. Fig. (8) presents the vertical
components of body, apparent mass, pressure and Basset forces, for two different fre-
quencies of the oscillating grid (a,b). Every line represents the ensemble averaged
magnitude of the force of all the particles suspended and successfully tracked at the
same frequency within the time interval of the experiment (20 and 8 particles for fre-
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quencies of 1.7 and 1.9 Hz respectively). Eight time steps (1/2 τη) before lift off, the
vertical component of body force (−mpap) decreases below zero, indicating a consis-
tent increase of particle vertical acceleration values. This is also the time instant at
which the vertical component of the body force and vertical components of apparent
mass and pressure forces are separated from one another. The difference between
them increases until the lift-off event. Later the vertical acceleration decreases and
the difference between the forces also decrease. Since the pressure force depends
only on fluid acceleration and the apparent mass force depends both on the fluid and
the particle response, we interpret the situation as follows: during the lift-off event
the particle moves faster than the surrounding flow in the vertical direction, moving
away from the surface. As the particle moves into a faster turbulent flow in the
bulk, the velocity difference between particle and flow decreases. We also note that
about 0.5÷ 0.7 τη before the lift-off, the value of the vertical Basset force component
increases significantly and remains high after the lift-off event. The same trend was
observed for all particles and all frequencies, shown in Fig. (8)(a-d).
We carefully examined the force traces of the particles that were lifted-off at different
frequencies, different initial positions and initial velocities. We were looking for a
consistent change in time that can reveal the necessary and sufficient local flow con-
ditions that cause a lift-off event. The changes in frequencies have changed the local
flow Reynolds number, and definitely changed the probability of the lift-off events.
However, the local flow conditions that are responsible for the lift-off event are pre-
sumably unrelated to the global flow changes. The lift-off events we observed in our
experiment are seemingly random events without any cycling or specific time scale
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Figure 8: Vertical components of the first (−mpap) and second term (apparent mass
force, F a) of the inertia force, pressure F p and Basset force, F b . Curves represent the
ensemble averaged quantities, averaged over all trajectories at the same frequency.
Panels (a-d) correspond to the frequencies 1.5 - 2.1 Hz, respectively.
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associated with it. The only consistent and repetitive observation is of increasing
Basset force (a sort of accumulative increase of relative velocity) right before the
lift-off events. This observation is consistent and appears in the ensemble averaged
manner for all frequencies, as shown in Fig. (8). It could imply, that the observed
peaks of the Basset force are the possible triggers of the lift-off event.
4. Summary and conclusions
In the present study we obtained experimentally the fluid-related forces acting on
inertial particles that are free to move on a smooth surface. We focused on the lift-off
events of suspending particles into a turbulent flow without significant mean shear,
unlike the wind tunnel and open water channel flow experiments. We have measured
the particle trajectories along with the local flow conditions, before, during and
shortly after the lift off events. In order to simplify the task of tracking fast moving
particles, we worked in an oscillating grid chamber, typically used for resuspension
studies. This allows to repeatedly measure the lift-off events of the same particles that
are suspended and deposited, providing a large data set from which the events can be
selected during the post-processing. Unique, direct simultaneous measurements of
local flow conditions and 3D Lagrangian trajectories of the inertial particles, before
and during lift-off, were performed using a 3D-PTV technique for several frequencies
of the grid. The method of Sridhar and Katz [38] that was used to measure forces on
bubbles in a laminar vortex was recently extended for the turbulent flow conditions
by Meller and Liberzon [26] and used to compare the resuspension from smooth and
rough surfaces by Shnapp and Liberzon [36]. Utilizing this method, the pressure,
28
inertia and the Basset history forces were calculated from the Lagrangian acceleration
of the inertial particle and the surrounding flow tracers.
We can summarize the main findings as follows. The magnitudes of all forces, ex-
cluding the drag force (which is much weaker than other terms) immediately before
the lift-off event are similar. The values are close to the magnitude of the buoyancy
force which we know from the particle size and density. The Basset history force (un-
derstood as a viscous unsteady force) is found to be non-negligible. Its magnitude is
approximately one-half of that of the lift force before the lift-off event, and highest
of all forces immediately after the lift-off event. We can conclude that this term, of-
ten neglected in numerical modeling and analysis of experimental results, has to be
included in the description of the problem of resuspension of freely moving particles,
especially in the liquid-solid case. Our measurements are in very good agreement
with recent investigations that took a numerical approach [1, 18, 31] as they fall into
the same range of parameters, i.e. Rew = Wsd/ν < 4000 and s = ρp/ρf ≈ 1.
Clearly these findings do not necessarily extrapolate to the cases of particles much
heavier than the fluid. In order to understand the contribution of the Basset force
to the lift-off (and possibly to the incipient motion in general), additional studies
are required; for instance, different particle to fluid densities ratios, s  1, such
as gas-particle flows or addition of the mean streamwise velocity and the effect of
boundary layers.
Furthermore, the distributions of forces acting on inertial particles in this type of
a turbulent flow indicate that the magnitude of lift is dominant in this case. In
addition, as the magnitude of the total force measured from particle acceleration FT
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and lift forces are very similar, the lift force can be estimated indirectly from much
simpler experiments that do not involve two-phase tracking.
While searching for the necessary and sufficient flow conditions that precede or define
the lift-off event, we have found a peculiar persistent increase of Basset force before
the lift-off. This fact points to a possible trigger required for lift-off event to occur.
Our results, although performed in different settings, could be in some sense related
to the recent findings of Celik et al. [6], among others. The authors suggested that
the time interval of the force acting on the particle is more important that its value.
It is possible that our important finding of the Basset force relates to the same viscous
unsteady effects that are all related to the establishment of the boundary layer and
the wake of the particle. Other studies have already mentioned the importance of the
pressure gradient in mobilizing particles, for instance of Schmeeckle et al. [34], Zanke
[42]. We arrived to a similar conclusion observing the increase of the Basset force.
It is important to remember that we do not resolve the flow close enough to the
particle in order to claim that we can accurately estimate the magnitude of the force.
The experimental trade-off could lead to overestimated or underestimated values.
The important part, nevertheless, is the comparative study of the force terms that
are derived with a similar experimental uncertainty. In order to get a better view of
the proposed mechanisms, a much higher resolution of the instantaneous flow fields
and additional pressure gradient measurements below and above the test particles,
before and during the moment of lift-off, are required. Such an experiment, however,
seems not to be feasible in the visible future as it will require a super-resolution
3D-PTV, along with the pressure-sensitive painting or miniature pressure catheters
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embedded in the flow at the place and time of particle resuspension. It is possible
that the accurate numerical simulations that resolve both the large and the small
scales and track the solid particles in the flow, could provide a supportive evidence.
We also hope that the obtained results can be helpful for the better predictions in
the fields of sediment transport, pneumatic conveying, fluidized bed and bio-reactor
design.
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Appendix A. Particle Tracking Velocimetry and uncertainty analysis
Appendix A.1. Post-processing of 3D-PTV
The main tool in our work is the three-dimensional particle velocimetry (3D-PTV),
explained in details in a collection of works, for instance Mass et al. [22], Malik N.A
[21], Dracos [10]. The work of Lüthi et al. [19] also provides a careful error analysis
of velocity and velocity derivatives data. For the sake of clarity we briefly review
here the main steps and in the following the errors and uncertainty analysis. It is
noteworthy that we use the implementation of the spatial-temporal algorithm that
increases the tracking efficiency and allows to work with particle seeding densities
high enough to measure velocity derivatives.
3D-PTV comprises of two major steps (after the calibration part that is the main
source of the bias error, described below): i) determination of particle positions in
space, and ii) tracking (linking) of tracers (or particles) in consecutive images. The
spatial-temporal algorithm exploits the redundant information in image (pixels) and
space (mm) of several snapshots, reducing the error of particle positions in time,
x(t). Tracking step involves the a) search in the radius adapted using the maximum
velocities, b) limited Lagrangian acceleration, c) heuristic choice of the trajectory
after 4 consecutive time steps with the total minimal Lagrangian acceleration. The
raw data in a form of linked positions of tracers/particles are processed using a
low-pass, moving cubic polynomial filter Lüthi et al. [19], providing their filtered
positions, velocities and accelerations. The filter is defined as
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x̂(t) = c0 + c1t+ c2t
2 + c3t
3 (A.1)
The expression is fitted to 21 points in time, from t − 10∆t to t + 10∆t, for each
component (x, y, z) at each time step, t . The filtered velocities and accelerations are
defined from the polynomial coefficients:
û(t) = c1 + 2c2t+ 3c3t
2
â(t) = 2c2 + 6c3t
Using filtered velocities, û(x, t), spatial and temporal derivatives could be interpo-
lated for every particle trajectory point. If the seeding density is sufficient, the linear
approximation is
û(x0) = c0 + c1x+ c2y + c3z (A.2)
where
c1 =
∂u
∂x
, c2 =
∂u
∂y
, c3 =
∂u
∂z
In theory, four neighbors are sufficient to solve the equation and estimate the four
coefficients, ci. In reality, the errors in filtered velocities lead to a large error propaga-
tion. Therefore, we use over-determined linear system with information from n > 4
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points, that is solved using the least-square method:
Ac = u, c =
(
ATu
) (
ATA
)−1 (A.3)
where A is the matrix of positions. Similarly the temporal derivative is obtained,
through the ansatz:
û(x0) = c0 + c1x1 + c2x2 + c3x3 + c4t (A.4)
In this case, the time span for the time derivative is 4 time steps, 4∆t and the
estimate is the least-squares central difference gradient method with a residual error
of the order of O(∆t)2. We suggest the reader to refer to Lüthi et al. [19] the full
description of the method and careful error analysis of a general 3D-PTV experiment
and data processing that leads to the high order estimates. The tests and checks
standard and embedded in our post-processing software OpenPTV consortium [32]
verify that the local analysis fulfills the relative divergence δ ≤ 0.1, defined as
δ =
|∂u/∂x+ ∂v/∂y + ∂w/∂z|
|∂u/∂x|+ |∂u/∂y|+ |∂u/∂z| (A.5)
The errors of Lagrangian accelerations, a = Du/Dt , are defined directly from the
measurements along particle trajectories (see below the quantitative analysis). The
components of accelerations, namely local acceleration al = ∂u/∂t and convective
acceleration, ac = uj∂ui/∂xj are estimated using the locally interpolated velocities
and velocity derivatives, as described above. It is important to note that both errors
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are significantly larger than the one of the Lagrangian, full material derivative, yet
the values of the local and convective acceleration in turbulence are also order of
magnitude larger than the magnitude of Lagrangian acceleration. Nevertheless, Lüthi
et al. [19] have compared the theoretical analysis with the empirical values, to show
that the conservative estimate of the relative error is ac ≈ 20%.
Appendix A.2. Uncertainty analysis of the experiment
Uncertainty analysis starts from a review of the error sources in the measurements.
The independent variable that determines the 3D-PTV accuracy is the three-dimensional
(3D) particle coordinate in the laboratory frame of reference, x, y, z. Every particle
has its own identity and its trajectory is defined by its position at each time step.
Without going into details of the 3D-PTV method, there are two sources of error:
a) random, precision-type errors due to the image processing algorithm that detects
the center of a particle in multiple camera views, and b) systematic error due to 3D
calibration of the imaging system.
The standard image processing routines provide precision of 0.05 pixel for the par-
ticle centroid. However for realistic images of imperfectly spherical particles and
illumination non-uniformity we estimate the positioning error of 0.2 pixel Dracos
[10].
Calibration errors arise from several sources: residual lens aberrations, imprecision
in calibration target production and incorrect positioning of the calibration target.
Stationary calibration process uses a high-precision machined calibration target with
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numerous target points outnumbering the number of equations of the photogram-
metric model. The software iteratively solves the error minimization problem of the
over-determined system and estimates the camera interior and exterior parameters.
During the calibration process, the differences between the known points on the cali-
bration target and the computed points are estimated. In the presented experiment,
the errors in the calibration were estimated as εx = εy = ±10 µm in the direction
parallel to the imaging plane and εz = ±30 µm in the direction parallel to the imag-
ing axis (the magnification ratio in this experiment was 16 pixel/mm). In order to
improve the calibration error, especially in the out-of-plane direction, we have per-
formed two additional steps: i) configuration of the cameras from both sides of the
tank improves the error due to the intersection of imaging axis of the cameras from
two sides (positive and negative z values; ii) additional, dynamic calibration of the
system using the dumbbell (wand) method OpenPTV consortium [32]. We estimate
the overall positioning error to be of the order of x = ±20µm.
Particle velocity is derived along the particle trajectory using finite difference of the
particle positions in time, for instance one component is u = ∆x/∆t. Particle track-
ing is performed with the high frame rate sampling (about 5-10 time steps per Kol-
mogorov time scale). The high time sampling allows to filter the positioning random
errors (noise) using the low-pass filter Lüthi et al. [19]. Thus velocity and acceler-
ation signals are derived as first and second derivatives of the filtered trajectories.
Considering that the velocity and acceleration of the particles changes at time steps
equivalent to Kolmogorov time scale of the measurements (τη = 0.07 − 0.1 s), the
time interval for filtered velocity and acceleration error calculations can be estimated
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|uf | ε|uf | |up| ε|up|
0.11 0.002 0.1 0.002
|af | ε|af | |ap| ε|ap|
7.0 0.2 2.1 0.2
Table A.1: Estimated flow (tracers) and particles velocity and acceleration errors,
(m/s, m/s2).
as 4t = τη
5
= 0.07 s
5
= 0.014 s. The time delay is controlled by a synchronization
unit with very high precision, therefore has negligible effect on the overall accuracy.
Therefore velocity and acceleration errors were estimated as:
εu =
√
2
(
εx
4t
)2
≈ 2 mm/s (A.6)
εa =
√
2
(
εu
4t
)
2 ≈ 200 mm/s2 (A.7)
Using the uncertainty propagation from the vector components to the vector mag-
nitude, we obtain the following error estimates for the flow tracers (denoted with a
subscript f ) and particles (p), velocity and acceleration.
A.3.1 Force estimates uncertainty analysis
The buoyancy force depends only on the measurements of the particle density, ρp,
fluid density ρf and the particle radius rp,
Fg =
4
3
(ρp − ρf )gpir3p (A.8)
The error depends on ρp and rp and can be evaluate as follow:
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εFg =
√(
∂Fg
∂ρp
ερp
)2
+
(
∂Fg
∂rp
εrp
)2
(A.9)
Estimated buoyancy force amplitude is 5.7× 10−8 N, the error value is = 2.6× 10−9
N, therefore the relative error is 4.5%.
The pressure force is estimated using the fluid material derivative along particle
trajectory
Fp =
4
3
ρfpir
3
p
〈
Duf
Dt
〉
(A.10)
where
〈
Duf
Dt
〉
is the volume average of the Lagrangian acceleration of neighbor trac-
ers. The region that defines the neighborhood is not well defined. It is a compromise
between the sufficiently high number of tracers used for statistics and the sufficiently
small radius of averaging. In any case the concept of coarse-grained fluid flow in-
formation is used, following Lüthi et al. [20], among others. In this approach the
coarse-grained quantities are defined as volume integrals:
〈u〉 = 1∀
ˆ
∀
u(x+ x′)d3x′ (A.11)
Lüthi et al. [20] have shown the convergence of the statistics of the coarse-grained
quantities that depends mainly on the seeding density of the tracers. The minimum
number of particles was found to be 12÷ 15 in order to achieve a convergent statistics.
The test is the value of the coarse-grained (or volume averaged) quantity of interest at
monotonically increasing volume of averaging volume, ∀. In our experiment the size
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of the volume corresponds to a sphere of 25 mm. The error in the mean Lagrangian
acceleration of tracers was estimated by the standard deviation of tracers acceleration
and the number of tracers. The number of tracers was chosen as the lowest number
of tracers observed at a specific time step in order to obtain the highest possible
error; ε〈af 〉 = 200 mm/s
2, 〈af〉 = 7000 mm/s2. Therefore, the estimated error of
pressure force is:
εFp =
√(
∂Fp
∂rp
εrp
)2
+
(
∂Fp
∂af
ε〈af〉
)2
(A.12)
and the value is ≈ 1.7× 10−8 N.
A.3.1.1 Inertia force
The inertia force is defined as:
Fi = −4
3
pir3p
(
ρp
dup
dt
+maρl
〈
Dup
dt
− Duf
Dt
〉)
(A.13)
The estimated error is:
εFi =
√(
∂Fi
∂rp
εrp
)2
+
(
∂Fi
∂ρp
ερp
)2
+
(
∂Fi
∂ 〈ap − af〉ε〈ap−af 〉
)2
+
(
∂Fi
∂ap
εap
)2
(A.14)
The value we obtain εFi ≈ 1.8× 10−8 N.
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A.3.1.1 Basset force
The Basset force is defined as:
Fb = 6pir
2
pµ
tˆ
0
dU rel/dτ√
piν(t− τ)dτ (A.15)
The estimated error should be calculated as follow:
εFb =
√√√√√
12pirpµ tˆ
0
dU rel/dτ√
piν(t− τ)dτεrp
2 +( 6pir2pµ√
piν(t− τ)
∆U rel
∆τ
ε dUrel
dτ
)2
(A.16)
The first term is of the order of 10−11 N , at the second term ,
(
6pir2pµ√
piν(t−τ)
∆Urel
∆τ
)
is
of the order of 10−5 N. The value of
(
ε∆Urel
∆τ
)
should be estimated by calculating the
standard deviation of the term. However, since the Basset force was calculated based
on the previous 6 time steps and not every tracer appeared at each time step in the
trajectory of the particles, the resulting Basset force from the effect of each tracer
could not be calculated (only the relative velocity between particle velocity and the
average velocity of local tracers could be calculated). Still, it can be assumed that
the value of
(
ε∆Urel
∆τ
)
is smaller than 10−3 N. Therefore, a conservative estimation
for the Basset force error can be of the order of ∼ 10−8 N. .
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